This study introduced a new hybrid model (Wavelet-M5 model) which combines the wavelet transforms and M5 model tree for rainfall-runoff modeling. For this purpose, the main time series were decomposed to several sub-signals by the wavelet transform, at first. Then, the obtained sub-time series were imposed as input data to M5 model tree, and finally, the related linear regressions were presented by M5 model tree. This new technique was applied on the monthly time series of Sardrud catchment and the results were also compared with other models like WANN and sole M5 model tree.
INTRODUCTION
The rainfall-runoff (r-r) process is one of the most important components of water planning. The accurate simulation of the r-r process is a significant step in water resources management; therefore, reliable models are needed to model the intended hydrological process (Wang et al. ) .
R-R process is recognized as a complex system due to the interaction of different spatio-temporal factors. Both knowledge-driven (physically based) and data-driven (system theoretic) models can simulate the r-r process through different approaches. In practice, conceptual/physical-based models require an enormous volume of environmental data and calculations to inform a detailed interaction of various physical processes controlling the hydrologic behavior of a system. When accurate predictions are more important than understanding the physics due to the complex relationships among the inputs-outputs of the r-r process, it is understood that data-driven (black box) models are reliable alternatives for physical-based models (Nourani ) . it should be also mentioned that the data-driven models can forecast the future amounts of hydrological processes under the situation of being trained and cannot be used for extrapolation. Furthermore, the performance of data-driven techniques is highly dependent on input/output dataset quality. Thus, if the data were noisy or the correlations were weak, input) are not recommended, even though they have been used before (Adamowski et al. ) .
Nowadays, artificial neural network (ANN) or a hybrid model like WANN, benefiting neural networks (the combination of wavelet (WT) transform and ANN), is one of the most popular black box and non-linear models which has wide applications in different hydrological studies, including r-r modeling (Wu & Chau ; Chen et al. ) .
In spite of the wide utilization of ANN in r-r modeling, this algorithm may exhibit defects in dealing with nonstationary r-r signals. In this situation, spatial or temporal pre-processing of data can be a necessary step to handle the non-stationary problem. In this regard, the ability of WT transform in decomposing non-stationary hydrological time series to sub-series by extracting useful information at different scales can be effective for interpreting hydrological phenomena (Nourani et al. a, b) . Nourani et al.
(), in a review paper, investigated the capability of hybrid WANN model in different hydrological fields in both short-and long-term scales and perceived the good efficiency of the WANN model due to the benefit of multiresolution sub-time series as the ANN input data.
In spite of the reliable efficiency of the hybrid WANN model, in r-r modeling, some deficiencies can be attributed to WANN modeling. It is believed that the network can identify the important data; hence, the ANN users supply a large number of data as inputs. This can lead to sophisticated calculations, error, non-convergence, and over- In this study, as a novel strategy, a new Wavelet-M5 model was introduced and applied to Sardrud watershed. The efficiency of this technique was analyzed and compared to the other models (WANN and sole M5 model tree). Also challenged is the ability of sole M5 model tree as a pre-processing tool and the effect of WT transform on the performance of M5 model tree. It is expected that the accuracy of the proposed model will be improved due to the benefit of the decomposed time series rather than the sole M5 model tree (Nourani et al. a, b) .
MATERIALS AND METHODS
Case study: Sardrud catchment Table 1 . Also, the observed r-r time series are provided graphically in Figure 2 .
By glancing at Table 1 , it can be inferred that the standard deviations of the rainfall are scattered more than the runoff amounts. This indicates that the runoff data were closer to the mean value with a little dispersion. The difference of the data dispersion beside the correlation coefficient values for the rainfall and runoff can justify the behavior of Sardrud catchment as a normal watershed which experiences a regular precipitation pattern over a year and has a well-dominated four seasons' weather (Nourani ).
WT transform
The time-scale WT transform of a continuous time signal, x (t), is defined as (Nourani et al. ) : In practice, dealing with a discrete time signal to produce N 2 coefficients from a dataset of length N, based on the trapezoidal rule, using a logarithmically uniform spacing discretization of a with a correspondingly coarser resolution of the b locations, the discrete mother WT transform will have the form of (Nourani et al. ):
where a 0 , b 0 , m and n show the specified fine dilation, location parameter, integers that control the WT dilation and translation, respectively. It is noticeable that where a 0 > 1, a 0 is considered as 2 and where b 0 > 0, b 0 is usually set as 1.
M5 model tree
M5 model tree, presented by Quinlan (), is a kind of decision tree learning machine for regression model, meaning that it is used to forecast amounts of numerical variables.
It does not attribute a constant value to the terminal node (leaf) but, instead, it fits a multi-linear regression. The M5 M5 model tree partitions the data into a collection of set T and the set T is either associated with a leaf, or some test is chosen that splits T into sub-sets corresponding to the test outcomes and the same process is applied recursively to the sub-sets (Figure 3 ). 
Then, M5 model tree will choose one that maximizes this expected error reduction. It should be noted that the WEKA data mining software was used to extract linear regressions (M5 model tree algorithm) in this study.
WANN model
The There would be many functions that can be related to the features of the main time series regarding the relationship that defines a WT function. According to previous studies, the db4 mother WT is more appropriate than other functions to simulate the r-r process since its form is more similar to the runoff signal and can capture the signal features appropriately (Nourani et al. ) . Then, the obtained sub-time series are imposed as input data to the M5 model tree to be classified and simulated by the linear regression.
Efficiency criteria
A model for forecasting hydro-environmental time series must be evaluated in both training and verification phases.
For this purpose, different statistics have been developed and used in hydro-environmental issues. Legates & McCabe () showed that a hydro-environmental model can be effectively assessed via root mean square error (RMSE) and determination coefficient (DC). RMSE and DC are widely used to assess the performance of hydrological models (Sharghi et al. ) : 
Since the effects of other antecedent rainfall amounts could be implicitly considered in the previous runoff discharges, Equation (6) can be summarized as (Sharghi et al.
):
To evaluate the performance of the proposed hybrid model, the monthly r-r time series were applied and the obtained results were compared via the proposed and benchmark models (WANN and M5 model tree). Table 2 .
The obtained results show the good efficiency of data pre-processing on the raw input data (DC training ¼ 0.84 and DC verification ¼ 0.68, see Table 2 ).
After that, it was tried to use multi-linear technique to evaluate the efficiency of the proposed model and the results were compared to WANN as a benchmark model.
M5 model tree was chosen due to its ability to deal with quantitative values, classification, and producing linear regressions. Table 2 . Also, to provide a view for users, the linear regressions of Wavelet-M5 are presented in the Appendix (available with the online version of this paper).
The positive effect of WT transform on the performance of M5 model tree is the first point that can be inferred from It is suggested that the performance of the proposed
hybrid Wavelet-M5 model should be examined in different behavioral watersheds. The Wavelet-M5 model ability can also be investigated in daily time scale via different data division strategies to give a view in the presence of a low number of training data. It is also suggested that the capability of the proposed hybrid Wavelet-M5 model is further compared with some conceptual models.
